The pericardium is widely recognised for its lubricating and bio-mechanical properties. It also contains fat-associated lymphoid clusters (FALCs) and its immune functions have been widely overlooked. Here we aimed to assess the inflammatory activity of the pericardium in patients who suffered a recent myocardial infarction (MI) and to determine its importance for repair and remodelling in a murine MI model induced by coronary artery ligation (CAL). By comparing 18 F-fluorodeoxyglucose (FDG) activity in the pericardium of patients with stable coronary artery disease and patients who had a recent MI, we demonstrate that MI is associated with increased pericardial inflammation. We confirm in mice, that pericardial FALCs undergo a major expansion following CAL. We show that despite similar initial injury, removal of the pericardium prior to MI disrupted subsequent repair, resulting in 50% mortality due to cardiac rupture, while all mice with intact pericardia survived. Removal of the pericardium also led to decreased staining for Ym1, a marker of reparative macrophages and adverse cardiac fibrosis within the infarct area. Together, this work indicates a crucial role for the pericardium in regulating inflammation, macrophage polarisation and tissue remodelling in the heart following MI.
Introduction
Complications of acute myocardial infarction (MI), including rupture and the development of heart failure, remain a major cause of death and disability. The inflammatory response initiated after MI is intricately linked to the extent of the injury, the quality of repair and the level of remodelling of the myocardium. 1 While the recruitment of neutrophils is clearly associated with a robust inflammatory response and contribute to heart failure after ischemic heart injury, 2 the role of macrophages remains more ambiguous. Macrophages are heterogenous in origin and function, and contribute to both the early inflammatory response and the repair and remodelling phase. 3, 4 Better understanding of the mechanisms controlling inflammation and macrophage recruitment following MI is thus vital to the development of new and effective treatments. 1 The pericardium is a double-layered fluid-filled serous cavity that protects and anchors the heart. It is delimited by two membranes, the visceral pericardium (or epicardium) lining the surface of the heart and the parietal pericardium lining the outer layer of the pericardial cavity.
In man, both membranes incorporate adipose tissue covered with a mesothelial monolayer. In mouse, only the parietal pericardium contains adipose tissue, the epicardium being only made of a monolayer of mesothelial cells. We recently showed that the adipose tissue of the pericardium contains numerous small immune structures called fat-associated lymphoid clusters (FALCs). 5, 6 These are critical for the maintenance and function of the B cells of the serous cavities [7] [8] [9] which represent a unique compartment of B cells specialised in the production of natural antibodies important for homeostasis and protection against infection. 10 During peritonitis, the number and size of FALCs of the omentum and mesenteries increases and FALCs recruits inflammatory cells. 5, 9 Recent work in mice by Horckmans et al. demonstrated a strong correlation between pericardial FALC B cell activation, the extent of cardiac inflammation and functional outcomes following MI. 11 Using cannabinoid receptor CB2 deficient mice (CB2 -/-) which have increased levels of circulating B cells, they concluded that secretion of Granulocyte-macrophage colony-stimulating factor (GM-CSF) by pericardial B cells promotes bone marrow granulopoiesis, cardiac neutrophil infiltration, enhances fibrosis and worsens functional cardiac outcome. 11 Furthermore, pericardial cavity macrophages have a functional phenotype comparable to other F4/80 hi serous cavity macrophage populations and are controlled by the expression of the transcription factor GATA-6. [12] [13] [14] Deniset et al have shown that these macrophages relocate to the injured heart where they act to suppress cardiac fibrosis. 15 This led us to ask whether the pericardium was also involved in the regulation of the inflammatory response after MI in man and in mice with a normal B cell compartment.
Here we demonstrate that MI is associated with increased pericardial inflammation in patients who have suffered a recent MI. We provide direct evidence in mice, that MI leads to a pericardial inflammatory response which mirrors that of the infarct. Furthermore, we show that the pericardium promotes healing and survival after MI and suggest this occurs via the redistribution of serous cavity macrophages to pericardial FALCs which contribute to the remodelling of the collagen matrix within the infarct zone.
Materials and Methods

Clinical assessment of pericardial 18 F-FDG uptake:
This study was done with the approval of the local research ethics committee, in accordance with the Declaration of Helsinki, and with informed consent of each participant. 16 18 F-FDG cardiac PET-CT scans from 37 patients with stable coronary artery disease (angina) and 36 patients with unstable coronary artery disease (recent myocardial infarction), originally recruited for a 18 F-FDG and 18 F-NaF comparison study described by Joshi et al., were retrospectively analysed. 16 Patients were predominantly middle-aged men with multiple cardiovascular risk factors. To minimise myocardial uptake, all patients were instructed to adhere to a low carbohydrate, high protein and high fat diet for at least 24 hours prior to their 18 F-FDG PET-CT scan. PET-CT's were performed on average 8 (IQR 3-10) days after symptom onset in the unstable group. Electrocardiograph-gated PET images were reconstructed in diastole (50-75% of the R-R interval, Ultra-HD) using the Siemens Ultra-HD algorithm, fused with the non-contrast CT, and analysed by an experienced observer (JA). Images were analysed using an OsiriX workstation (OsiriX version 5·5·1 64bit; OsiriX Imaging Software, Geneva, Switzerland). Patients underwent 18 F-FDG (90 min after 192 MBq) PET-CT scanning within a median of 6 (IQR 3-9) days. Predefined myocardial suppression of 18 F-FDG uptake was achieved in 70% of patients (median myocardial standard uptake value 3·92 [IQR 2·71-5·55]). Two-dimensional 50 mm 2 circular regions of interest were drawn within the epicardial tissue within the right coronary sulcus, maximising the distance from the right coronary artery and reducing potential problems with spill over of signal. The maximum standard uptake value (the decay corrected tissue concentration of the tracer divided by the injected dose per bodyweight) was measured and corrected for mean blood pool activity in the right atrium to provide the maximum tissue-to-background ratio (TBRs) measurements. It was not possible to standardise the size and shape of ROI drawn within these anatomical structures and so mean SUV and TBR values were not measured.
Mice and CAL surgery:
All animal work was compliant with IACUC guidelines, conducted in accordance with the UK Government Animals (Scientific Procedures) Act 1986 and was approved by the University of Edinburgh Animal Welfare and Ethical Review Board. Agedmatched C57BL/6 male mice (6-10 weeks old) were used for all experiments. CAL surgery was carried out as previously described. 17 The fibrous-pericardium was either fully removed or left 'intact' during this procedure. In 'intact' mice, a small snip was made in the fibrouspericardium to expose the coronary artery for ligation, but it was otherwise kept in one piece.
Alternatively, the fibrous-pericardium was removed, placed in RPMI media while the CAL surgery took place and then engrafted back onto the heart, where it adhered. For plasma troponin measurement, tail vein blood was collected from mice 24 hours post-CAL surgery.
Cardiac Troponin-I (Tn-I) was measured in the plasma using the mouse high sensitivity Tn-I ELISA kit according to the manufacturer instructions (Life Diagnostics, UK). Any deaths were recorded daily. Post-mortem examination confirmed deaths occurred following heart-rupture.
Mice were infected sub-cutaneously with 25-30 Ls L3's.
Optical projection tomography (OPT): 6 hours after surgery, hearts were recovered and processed for imaging and scanned in a calibrated Bioptonics 3001 tomograph. 18 In the Cy3 fluorescence emission channel (545nm) the viable myocardium had strong autofluoresence (dark) and the injured myocardium appeared lighter. The suture placement of each was also clearly visible. Tomographic reconstruction using Nrecon software produced hundreds of image files depicting vertical transverse slices through the heart. These were analysed using Analyze12 software allowing delineation between viable (dark) and injured myocardium (light areas). This allowed quantification of total % injury between intact and injured left ventricles.
Noting the slice wherein the suture became apparent also allowed for analysis of suture placement between both groups. MediaCybernetics). The % area stained was calculated within the infarct and border area.
Immunohistochemistry (IHC):
Wholemount immunofluorescence (IF) staining and confocal microscopy
Pericardium samples were fixed for one hour on ice in 10% NBF (Sigma) and then permeabilized in PBS 1% Triton-X 100 (Sigma) for 20 minutes at room temperature prior to staining with primary antibodies for one hour at room temperature in PBS 0.5% BSA 0.5% Triton. After washing in PBS, tissues were stained with secondary antibodies for one hour at room temperature in PBS 0.5% BSA 0.5% Triton. For neutral lipid staining, fixed pericardia were incubated with LipidTox (Invitrogen) for 20 minutes at room temperature prior to staining with primary antibodies. Antibodies used are listed in Supplemental Table 1 . After mounting with Fluoromount G, confocal images were acquired using a Leica SP5 laser scanning confocal microscope. Image 3D reconstruction was created using Fiji. and stained for cell surface markers (See Supplemental Table 1 for list of antibodies used). All samples were acquired using a BD Fortessa and analyzed with FlowJo software (Tree Star).
Statistics:
All values are expressed as mean ± SEM. Unpaired Student's t-test or ANOVA with post-hoc test were used for analysis. A X 2 (Chi-square) test was used for Kaplan-Meier survival curve analysis. P-values <0.05 denote statistical significance, *p<0.05, **p<0.01, ***p<0.005.
Results
Pro-inflammatory macrophages and rapidly proliferating cells have a high metabolic rate and avidly accumulate glucose. 19, 20 To determine if MI had an impact on the inflammatory activity of the pericardium, we retrospectively analysed 18 F-FDG cardiac PET-CT scans from patients with stable coronary artery disease vs patients with recent MI. 16 Two-dimensional 50 mm 2 circular regions of interest within the epicardial tissue of the right coronary sulcus were drawn, maximising the distance from the right coronary artery (Figure 1A) . The maximum standard uptake value (SUVmax) was measured and corrected for mean blood pool activity in the right atrium to provide the maximum tissue-to-background ratio (TBRmax) measurements. Uptake of 18 F-FDG has previously been shown to be elevated in ruptured and inflamed atherosclerotic plaque. 20 As the regions of interest were sampled from within the right coronary sulcus, culprit plaques within the right coronary artery could potentially influence the accuracy of pericardial sampling. To improve the validity of our results, a further analysis was therefore performed to exclude those patients with right coronary artery (RCA) territory infarcts. In patients having had an MI involving the left coronary artery (n = 14), pericardial 18F-FDG uptake was again increased compared to the patients with stable coronary artery disease (SUVmax 1.38 vs 1.02, p = 0.0197; TBRmax (1.36 vs 0.80, p=0.0003) ( Figure 1B) .
To prove that MI induced an inflammatory response in the pericardium, we investigated the effect of CAL-induced MI on the immune composition of the parietal pericardium and FALCs in mice. MI led to an enlargement of the parietal pericardium which adhered spontaneously to the infarct zone (Figure 2A) . The weight of the pericardium increased 2-fold 3 days after MI, confirming that MI led to expansion of the pericardium (Figure 2B) . MI led to a massive enlargement of FALCs as determined by staining for the hematopoietic marker CD45 and the B cell marker IgM, while the adipose tissue stained with the neutral lipid marker Lipidtox, decreased (Figure 2C) . CAL-induced MI led to a rapid recruitment of neutrophils and monocytes into the infarct area that was detected 24 hours after MI and was followed by the recruitment of F4/80 + macrophages from day 2 after MI (Figure 2E and Supplementary   Figure 1 ). We detected a concomitant recruitment of neutrophils and monocytes in the parietal pericardium. The same number of neutrophils and monocytes were recruited into the infarct area and the parietal pericardium indicating that the recruitment of inflammatory cells observed in the pericardium was quantitively not negligible when compared to the infarct area ( Figure   2D, 2E and Supplementary Figure 1) . In addition, MI led to a rapid recruitment of F4/80 + MHCIImacrophages into the parietal pericardium, which was detectable as early as 24 hours following MI suggesting that the recruitment of macrophages to the pericardium preceded the recruitment of macrophages into the infarct area (Figure 2D, 2E) . Macrophages recruited in the parietal pericardium lacked expression of MHCII despite high expression of F4/80, in contrast to the MHCII + macrophages found in the parietal pericardium of naïve mice Figure 2D ). Lack of MHCII expression is typical of serous cavity macrophages 21, 22 and MHCII expression did not increase on pleural cavity macrophages across the CAL time course (Supplementary Figure 2) . This suggested that recruited pericardial macrophages came from the pericardial or pleural cavities. The recruitment of CD11b + F4/80 high macrophages in the parietal pericardium was concentrated in FALCs 3 days after MI (Figure 2F) . In our previous work, we observed that infection with the filarial nematode Litomosoides sigmodontis (Ls), which resides in the pleural cavity, led to activation of pericardial FALC B cells, 6 but did not induce the recruitment of resident pleural F4/80 high macrophages into pericardial FALCs (Supplemental Figure 3) . Recruitment of serous macrophages into pericardial FALCs thus appears to be specific to heart injury. Taken together, these data indicated that MI led to an important remodelling of the pericardial adipose tissue with FALCs increasing dramatically in size, the entrance of neutrophils and monocytes as well as the recruitment of serous macrophages into pericardial FALCs.
Since the pericardium was involved in the inflammatory response induced by MI, we assessed the importance of this tissue for recovery and healing following MI. We performed CAL or sham surgery with the membranes of the parietal pericardium either completely removed or minimally disrupted during surgery. The rupture rate in male C57BL/6 mice after conventional MI surgery with disrupted pericardium is typically of 25%. [23] [24] [25] [26] Keeping the pericardium intact during surgery led to 100% survival. In contrast, complete removal of the pericardium resulted in death of 50% of mice by rupture, mostly between days 2-7 after MI. Mice with 'intact' pericardia, and sham operated mice all survived (Figure 3A) . This was despite similar initial injury in all groups, as measured by plasma troponin concentrations at 24 hours (Figure 3B) and by calculating the % left ventricular injury by optical projection tomography (OPT) performed 6 hours post-MI (Figure 3C) . 18 OPT analysis also confirmed that the suture placement during CAL surgery was uniform whether the fibrous-pericardium was present or not ( Figure 3C) . To rule out the possibility that mechanical damage caused by removal of the pericardium was the cause of the rupture, CAL surgery was undertaken with membranes of autologous pericardium grafted back onto the heart. Examination of the heart 7 days after MI showed that the grafted pericardial membranes remained in place, covering the infarcted area ( Figure 3D) . Grafting the parietal pericardium back on the heart was sufficient to restore survival (Figure 3E) , indicating that the parietal pericardium was protective post-MI, and that disruption of the pericardial cavity as such was not the cause of heart rupture post-CAL. We next investigated whether removal of the parietal pericardium led to a change in the recruitment of macrophages in the infarct area. Ym1 (Chil3) is highly expressed by M2-like reparative macrophages in post-MI heart. 24 We found that removal of the fibrous pericardium was associated with decreased IHC staining for Ym1 in the heart 7 days after MI (Figure 4A) .
Furthermore, grafting of the pericardium was sufficient to restore Ym1 staining to levels comparable to mice with an intact pericardium. The decrease in Ym1 staining was only apparent in the sub-epicardial layer, where the parietal pericardium was adhering to the infarct zone suggesting that the close proximity of the pericardium directly influenced the polarisation of macrophages toward a reparative phenotype or that Ym1 + reparative macrophages migrate from the pericardium to the infarct (Figure 4A) . M2-like reparative macrophages are required for the early deposition of collagen. 24 We thus assessed whether removal of the pericardium would be associated with decreased deposition of collagen after MI as measured by Picro Sirius Red (PSR) staining. However, removal of the pericardium led to increase levels of collagen in the infarct area at day 7 after MI compared to mice with an intact pericardium or mice with a grafted parietal pericardium, (Figure 4 C-D) . There was a similar pattern in the remote myocardium showing increased collagen deposition throughout the rest of the tissue in absence of the pericardium (Supplemental Figure 4) . Our result thus suggests that the pericardium limits adverse fibrosis in the infarct and surrounding healthy tissue at early time point after MI.
Discussion
Here we demonstrate for the first time in human that MI is associated with increase inflammatory activity of the pericardium and we show in a murine model of MI that pericardial FALCs are involved in the inflammatory response following MI and that the parietal pericardium is critical for survival and the early recruitment of reparative macrophages and remodelling of the infarct tissue post-MI (Figure 5) . Combined with recent published work, 11, into the heart and that FALCs play a critical role in the regulation of the inflammatory response within the heart.
While rupture is relatively rare complication of MI in patients, in the mouse it is typically a sign of disrupted repair and adverse inflammation 24, 27 which can be caused by dysregulated recruitment of inflammatory cells into the heart post-MI. Horckmans et al.
reported that the adverse pericardial inflammation driven by pericardial B cells in CB2 -/mice was deleterious after MI and that removal of the pericardium restored repair and heart function. 11 However, they did not report increased rupture after MI in their WT mice, when removing the pericardium. The main difference between their experiments and ours, is their use of female mice which are less prone to rupture than male mice, which could have hidden the phenotype we observed.
Shiraishi et al. showed that intravenous injection was not an efficient route for heart engraftment of M2-polarized BMMϕ, but intra-pericardial injection in a matrigel solution allowed their successful engraftment in the heart, improving survival and repair after MI in mice deficient in reparative Mϕ, further highlighting the physiological importance of the pericardium as a cellular gateway to the heart. 24 Changes in the immune status of the pericardium, such as induced by airway infections 6, 7 are likely to affect the inflammatory response in the infarct following MI. Since there is an elevated incidence of MI during the first week following acute airway infection, [28] [29] [30] [31] [32] understanding how airway infections impact on the protective function of the pericardium after MI will be of particular clinical importance. 
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